An attempt has been made to synthesize (Ca 0.4 Sr 0.6 )Bi 4 Ti 4 O 15 (CSBT) thin film using pulsed laser deposition method and successfully optimized the deposition conditions. Film with the desired phase was obtained at a substrate temperature 650 °C based on phase and morphology studies using vast analytical techniques. The average thickness and grain size of as prepared film was found to be in the range of 330-400 nm and 40-65 nm. Piezoresponse force microscopy showed a complete domain reversal using switching spectroscopy. A comparatively high effective d 33 * value as ~ 120 pm/V has been achieved. These results suggest that CSBT has a great future potential in electromechanical applications specially in high-temperature sensors and actuators.
Introduction
Bismuth layer-structured ferroelectrics (BLSFs) have drawn much interest of the researchers due to their application in thin film memory devices, high-temperature electromechanical devices owing to their high Curie temperature (T C ), good ferroelectric properties, good fatigue resistance and after all their lead-free nature [1] . Sensors, actuators, and transducers operating at elevated temperatures (~ 400 °C) are highly desired in industries such as energy, engines, oil and gas, and chemicals. In these applications, the operating temperature should not exceed half of the Curie-temperature (T C ) of piezoelectric materials. Piezoelectric materials based on BLSFs are the potential candidate to operate at high-temperature and provide intended functionality. BLSFs belong to Aurivillius phase with the general chemical formula (Bi 2 2+ layer along c-axis [2] . The piezoelectric properties in these BLSF compounds are greatly influenced by the number of layers and the elements present in the A and B site [1] . Thus, the properties of these compounds can be enhanced by incorporating different cations at site A or B or both [3] . However, it has been reported that the Curie temperature of BLSFs decreases, when the size of the cations at A-site increases, while Curie temperature increases and the electrical properties are augmented significantly due to the replacement of A-site cation by a smaller size ion [4] . In addition, most of the BLSFs possess a relatively high electrical conductivity which makes the poling process difficult.
Among the various BLSFs are studied, the compounds, MBi 4 Ti 4 O 15 with m = 4 and M = Sr, Ca, Ba have been investigated extensively due to their better ferroelectric properties [2, [4] [5] [6] [7] [8] [9] [10] . CaBi 4 Ti 4 O 15 (CBT) and SrBi 4 Ti 4 O 15 (SBT) have been studied mostly due to their strong anisotropic character, high remnant polarization and high T C . CBT is recognized for its comparatively high T C (790 °C), low electrical conductivity, and low dielectric loss, however, with a low piezoelectric coefficient (8-9 pC/N) [8, 11, 12] [8] . Therefore, CSBT is expected to be a potential candidate for electromechanical applications even at moderately high-temperature environment (~ 350 °C).
Synthesis of BLSFs in thin film form is of practical importance in various situations and particularly for the design of piezoelectric devices. These thin films are of interest because of their added advantage of strong piezoelectric effect which allows electromechanical sensing and actuation. However, the successful growth of such a film is very challenging. In addition, investigation of the domain structure and polarization switching are very fundamental for piezo/ ferroelectric thin film and extremely necessary for electromechanical device applications [13, 14] . Electromechanical properties in these films are also influenced by composition and orientation of grain. Among the various techniques used to evaluate the electromechanical functionalities in these ferroelectric and piezoelectric thin film, characterization using piezoresponse force microscopy (PFM) has been proven a useful tool to explore the static and dynamic electromechanical performances in terms of domain morphology, structure, growth, and polarization switching in nanoscale [15] [16] [17] [18] [19] . Attempts have been made to study various SBT, CBT thin films mainly focusing on the dielectric, ferroelectric properties and fatigue resistance [19] [20] [21] [22] [23] [24] [25] for mainly memory application. However, design and understanding of piezoelectric properties of (Ca 0.4 Sr 0.6 )Bi 4 T 4 O 15 (CSBT) thin film for potential high-temperature electromechanical applications are hardly reported. Therefore, to address the above issue, we have made an attempt to synthesis (Ca 0.4 Sr 0.6 )Bi 4 T 4 O 15 thin film using pulsed laser deposition (PLD) method and optimize deposition conditions by phase, composition and morphology studies. The quality of the film and piezoelectric properties were characterized using atomic force microscopy (AFM) and piezoresponse force microscopy (PFM) to realize domain switching as potential applications in electromechanical devices.
Experimental
The thin film of Ca x Sr 1−x Bi 4 T 4 O 15 (x = 0.4) (CSBT) was deposited in Pt/CSBT/Pt(111) configuration on an RCA cleaned platinized Si(100) substrate (Pt(111)/TiO 2 /SiO 2 /Si)) using PLD (Supplementary information, SI # ). The PLD was equipped with a Coherent compex Pro 201, 248 nm KrF excimer laser with frequency = 5 Hz, laser energy = 2 J/ cm 2 , pulse width = 30 nsec. The optimized target to substrate distance = 4 cm, and spot size = 3 × 1.5 mm 2 were kept fixed during all the depositions. The films were deposited at a different substrate temperature (650, 700, 750 °C) and oxygen pressure in the chamber (0.2, 0.3, 0.5 mbar). After deposition, the films were annealed at the corresponding deposition temperature for 10 min and then slowly cooled down to room temperature. The cooling rate was kept slow (cooling rate was 2 °C/min for first 200 °C and then about 3 °C/min for the rest) so that the film does not develop cracks due to the thermal shock originated at the interface of CSBT film and the substrate because of rapid cooling. During annealing, after deposition, the oxygen pressure was kept at 0.5 atm to reduce the oxygen deficiencies which adversely XT) . Finally, the top electrode Pt was sputter deposited using a shadow mask. The thickness of Pt layer was determined with the help of Ellipsometer (Sentech Instruments SE 800). The phase of the films was identified using High-resolution X-Ray Diffractometer (HR-XRD, RigakuSmartlab 3KW) with Cu Kα (λ = 1.5406 Å). Surface morphology and microstructure was observed using SEM (Raith150 TWO tool) and AFM in tapping mode (Asylum Research, Oxford Instruments). The piezoelectric response and domain switching effects were recorded in PFM mode (Asylum Research, Oxford Instruments). For this, a conductive cantilever of spring constant 2 N/m and a Ti-Ir coated tip of radius 28 nm was used to visualize the domain.
Results and Discussion
XRD patterns of CSBT thin film deposited at various deposition conditions (substrate temperature = 650, 700, 750 °C, pressure = 0.2, 0.3, 0.5 mbar) on a platinized Si substrate (Pt(111)/TiO 2 /SiO 2 /Si(100)) was scanned at θ − 2θ as depicted in Fig. 1a. From Fig. 1a , it is observed that a complete phase of CSBT is formed, for the films which are deposited at 650 °C. All the detected peaks of XRD patterns are found to be in good agreement with an orthorhombic symmetry (A2 1 a m) . However, a minor peak which may correspond to a secondary pyrochlore phase is also identified. This may indicate a lower energy required to form the pyrocholre phase as compared to that of CSBT phase [26] . The identified (00l) (l = 6, 8, 10, 20) peaks and a prominent (119) peak suggest that the film has grown in random orientation. In general, the higher deposition temperature is desired to avoid the appearance of intermediate phases such as flurite and pyrochlore [27] . However, in CSBT thin film an incomplete phase formation was observed for the films that were deposited at 700 and 750 °C . This suggest that a specific energy window is desired for the phase formation. This also indicates that the required activation energy for grain growth of (119) is low compared to grain growth of (00l)-oriented film, which results in the growth of non (00l)-oriented film [19] . On the other hand, the influence of substrate on crystal structure could not be discarded completely and expected to destabilize the columnar < 111 > textured Pt electrode at 700 and 750 °C, which might result in incomplete phase formation [28] . The surface morphology of the CSBT thin films are detailed in Fig. 2 . SEM micrographs [shown in 2(a-c) for few representative deposition conditions] reveal that the film has a uniform, crack-free and dense grain. However, the average grain size ranges in the nanometer scale differ owing to the different temperature and pressure conditions. The average grain size has been calculated using the linear intercept method and the calculated average grain size at various substrate temperatures is shown in Fig. 2d , e. The average grain size of the films deposited at 650 °C was found lowest ranges from 41 to 65 nm from 0.5 to 0.2 bar pressure, which further increases with increasing temperature at a constant pressure but decreases with increasing pressure at a constant substrate temperature. The 3-dimensional AFM topography images also confirm the films are uniformly deposited as shown in Fig. 2f-h . The root mean square (RMS) value of roughness of the CSBT films is also calculated. The minimum RMS roughness value is found to be 4.23-7.13 nm for 0.5-0.2 mbar pressure for the films deposited at a substrate temperature of 650 °C. As the deposition temperature reaches 750 °C, the RMS roughness also increases to 19.88 nm. The measured thickness of all the CSBT films deposited at different conditions (substrate temperature and pressure) is found in the range of 334-400 nm (SI # ). The influence of oxygen partial pressure does not show significant effects on the quality of the films, however, increase in oxygen partial pressure reduces the grain size, and thickness and (SI # ).Thus, based on the above analysis, films only deposited at 650 °C and 0.2, 0.3, 0.5 mbar are found to be the best quality films with desired phase and morphology and therefore further characterized to investigate piezoelectric properties using PFM. Figure 3a -c depicts the simultaneously obtained surface topography, PFM phase and amplitude image of the as-grown CSBT film deposited at a substrate temperature of 650 °C and at 0.5 mbar pressure respectively. It is clear that the film has a uniform surface and defined grain boundary. Moreover, by merging surface topology and PFM phase image, it can be seen that most of the domain boundaries coincide with grain boundaries. In order to understand the ferroelectric domain switching, the writing was performed on a 2 × 2 µm 2 region on CSBT films deposited at a substrate temperature of 650 °C and at 0.3 mbar pressure, which was first negatively poled (− 10 V) and then positively poled (+ 10 V) through the tip and read with a 6 × 6 µm 2 region as shown in Fig. 3d-f . The poling bias voltage of ± 10 V (field of 250-298 kV/cm) was chosen higher than the coercive field of CSBT and SBT thin film [24, 29, 30] . The negatively ) hysteresis loop was constructed from amplitude-voltage butterfly loop using the method described in Ref. [31] and shown in Fig. 4c . Both amplitudebias voltage and d * 33 -bias voltage loops are slightly asymmetric in nature and shifted from the origin which could be attributed to the internal bias field [15, 32, 33] . A maximum d 33 * value of ~ 120 pm/V was obtained after tracing several loops and negligible variation found for other deposition conditions (0.2, 0.3, 0.5 mbar). The value of d 33 * (~ 120 pm/V) obtained in this work is found to be higher as compared to the recently reported value (~ 65 pm/V) by Ramesh et al. for CBT thin film prepared by polymeric precursor method [29] , and much larger value (~ 15 pC/N) compared to the bulk CSBT sample [8] 
Conclusions
In conclusion, an attempt has been made to synthesize (Ca 0.4 Sr 0.6 )Bi 4 T 4 O 15 (CSBT) thin film using pulsed laser deposition (PLD) and successfully optimized the deposition conditions. Phase, compositional, and morphology study enabled to choose substrate temperature as low as 650 °C. Piezoelectric properties were characterized using atomic force microscopy (AFM) and piezoresponse force microscopy (PFM).Observation of smaller grain size (40-65 nm), a complete domain reversal and comparatively high effective d * 33 value as ~ 120 pm/V suggests CSBT has a potential for electromechanical applications.
